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PreviewsRNA is no exception to this. The Tat/
P-TEFb complex stimulates 50 capping
(Chiu et al., 2002), and it will be inter-
esting to determine whether Set7/9-
KMT7 and the lysine 51 methylation of
Tat plays a role in capping. The Tat/
P-TEFb complex also associates with
the splicing factor SKIP during RNAP II
elongation, and this contributes to Tat
transactivation and influences alternative
splicing (Bre`s et al., 2005). It seems likely
that covalent modifications of Tat can
influence these aspects of Tat function.
For cellular mRNAs, RNAP II elongation
is also coupled to 30 end processing
and export of mature mRNA to the cyto-
plasm, and it would not be surprising if
Tat’s effects on elongation and splicing
are also linked to these processes viaadditional cofactors that remain to be
identified.
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In this issue of Cell Host & Microbe, Iwanaga and colleagues (Iwanaga et al., 2010) report on the construction
of plasmids and artificial chromosomes that are stably maintained throughout the Plasmodium life cycle.
These new tools will have multiple applications, from episome-based genetic strategies to studies on
telomere biology and antigenic variation.Since its implementation 15 years ago
(Wu et al., 1995; van Dijk et al., 1995),
the transfection of Plasmodium has revo-
lutionized the molecular analysis of this
protist. So far, transfection has mainly
been used for inactivating or modifying
parasite genes, by capitalizing on the
100% homologous recombination rate of
electroporated DNA in the Plasmodium
genome. In contrast, episomal transfec-
tion has been hampered by the lack of
robust tools. Bacterial plasmids trans-
fected into human (P. falciparum) or
rodent (P. berghei) infecting Plasmodium
replicate but do not segregate evenly
into daughter parasites during mitosis.Since plasmids are rapidly lost and drug
pressure can only be applied to erythro-
cytic stages of the parasite (Figure 1),
episomes have been of little use for inves-
tigating the biology of the parasite stages
that multiply in the mosquito or in the liver.
Moreover, under selective pressure, plas-
mids are present in high copy numbers
(%50) and in concatemeric forms, intro-
ducing an experimental bias in gene
expression or protein localization/func-
tion studies. In this issue, Iwanaga et al.
(2010) report the construction of circular
plasmids containing Plasmodium centro-
meric sequences, as well as a derivative
artificial chromosome containing telo-meric sequences, which are stably main-
tained at low copy numbers throughout
the P. berghei life cycle in the mosquito
and rodent hosts.
Centromeres are the regions of the eu-
karyotic chromosome that ensure sister
chromatid segregation between daughter
cells during mitosis, by binding to spindle
microtubules via the kinetochore nucleo-
protein complex. Sequencing of the
Plasmodium falciparum genome (23 Mb
in 14 chromosomes) identified short and
extremely A/T-rich regions as candidate
centromeres (Bowman et al., 1999; Gard-
ner et al., 2002), which were also found
in rodent-infecting Plasmodium species7, March 18, 2010 ª2010 Elsevier Inc. 181
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Figure 1. The Complex Life Cycle of Mammalian Malaria Parasites
Plasmodium is a haploid, intracellular parasite that causes the symptoms and complications of malaria by
multiplying inside erythrocytes. Only erythrocytic stages of the parasites can be transfected. One intraer-
ythrocytic cycle consists of 3–5 nuclear divisions, generating 8–32 new parasites and lasting 24 hr in
P. berghei and 48 hr in P. falciparum. In addition, haploid gametocytes differentiate inside erythrocytes
and are eventually taken up by a female Anopheles. In the mosquito gut, male gametocytes undergo rapid
successive mitosis before gametes fertilize into a diploid zygote that undergoes postfertilization meiosis.
Two additional events of parasite multiplication occur, in the mosquito gut and inside hepatocytes, each
generating 104–105 new parasites. Note that mitosis in Plasmodium, called schizo/sporogony, differs from
classical mitosis of most other eukaryotes: after DNA replication, chromosomes do not condense and the
nuclear envelope does not break, resulting after several rounds of genome duplication in a polyploid
syncytium from which haploid daughter parasites eventually bud off. Plasmodium artificial chromosomes
(PACs) may help decipher these exceptional asexual multiplication rounds.
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Previews(Kooij et al., 2005). The first experimental
evidence identifying the short and A/T-
rich sequences, present once per chro-
mosome, as putative centromeres was
provided by mapping in P. falciparum
bindingsites to topoisomerase II, acentro-
mere-binding segregation regulator (Kelly
et al., 2006). Iwanaga et al. (2010) now
demonstrate that thesesequences indeed
behave as centromeres. They cloned the
1.2 kb-long A/T-rich sequence corre-
sponding to the P. berghei chromosome
5 predicted centromere into a control
plasmid, which was found to stably and
evenly segregate during nuclear division.
More than 90% of the parasites still pos-
sessed the centromere-containing (CEN)
plasmid after 21 days of intraerythocytic
parasite multiplication without drug selec-
tion. The CEN plasmid remained as a non-
integrated element present in low copy
numbers with or without drug pressure
(2.1 and 1.3 copies, respectively). The
CEN plasmid was also stably maintained
during meiosis in zygotes (green arrow,
Figure 1) andmitosis in mosquito oocysts:
90% of parasites in the mosquito sali-
vary glands still possessed the CEN
plasmid, versus 2% still harboring the182 Cell Host & Microbe 7, March 18, 2010 ªcontrol plasmid. Interestingly, the authors
also found thatP. falciparumcentromeres,
although functional, conferred lower
plasmid segregation rates in P. berghei
than P. berghei centromeres.
The authors also constructed aPlasmo-
dium artificial chromosome (PAC) by in-
serting P. berghei telomeric sequences
(Pace et al., 1987) into the CEN plasmid.
Telomeric sequences are added by telo-
merase-containing nucleoprotein com-
plexes at the extremities of linear eukary-
otic chromosomes, thus preventing their
progressive shortening with successive
replications. The circular PAC (C-PAC)
and its linear form (L-PAC) bearing telo-
meric repetitive elements at both ends
did not integrate into the parasite genome
and displayed segregation efficiencies
and copy numbers comparable to those
observed with the CEN plasmid. Approxi-
mately 85% of the erythrocytic parasites
still contained the C-PAC or L-PAC
20 days after removal of drug pressure,
while 62% and 71% still contained
the C-PAC or L-PAC, respectively, after a
complete life cycle through the mosquito
and the liver. In addition, two important
observations were made. (1) The L-PAC2010 Elsevier Inc.telomeres elongated following multiple
replication rounds to reach the classical
size of Plasmodium telomeres (1.2 kb),
suggesting that addition of telomeric
repeats in L-PAC occurs like in natural
chromosomes. (2) Unexpectedly, a 10- to
100-fold increase in transfection effi-
ciency was obtained using L-PAC com-
pared to the CEN plasmid or the C-PAC,
and a 104 increase compared to classical
plasmids!
These new tools will certainly enrich
Plasmodium transfection strategies in
several ways. First, the low copy numbers
and stable maintenance of CEN plasmids
and PACs make them optimal expression
vectors, for example, for investigating
regulation of gene transcription, protein
localization when expressing a tagged
protein, or protein function when comple-
menting a defective line, thus providing an
alternative to the regular homologous
integration approaches. Second, an at-
tractive feature of L-PAC is its high trans-
fection frequencies in P. berghei. A similar
situation in P. falciparum would help in-
crease the low transfection yields, cur-
rently a major bottleneck in the selection
of recombinant parasites in this species.
Third, these tools might help establish
forward genetic approaches in Plasmo-
dium, that is, identifying the gene(s) in-
volved in a phenotype of interest. As
suggested by the authors, genes associ-
ated with drug resistance in natural mu-
tants might be identified via transfection
of a genomic library in a CEN plasmid
and selection of resistant parasites. In
this regard, cloning large genomic loci
into PACs might be beneficial for tackling
polygenic processes (involving closely
linked genes), although propagating large
fragments of highly A/T-rich Plasmodium
DNA in E. coli is notoriously limiting.
Unfortunately, aside from cases in
which a selectable gain of function exists,
for example, drug resistance or comple-
mentation of a lethal defect, forward
genetic strategies that depend on testing
clones individually (obtained after trans-
position or library transfection) cannot be
envisaged in Plasmodium. They remain
inherently limited by the size of the
genome and the logistical demands of
parasite propagation in vivo or in vitro,
including in erythrocytes.
Perhaps the most exciting prospect for
PACs is in investigating telomere biology
and expression of subtelomeric genes.
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PreviewsIn P. falciparum, the chromosome ends
consist of telomeres, subtelomeric non-
coding repetitive elements, and members
of multigene families. Among the latter are
most of the var genes, which encode
proteins that are targeted to the surface
of infected erythrocytes and mediate cy-
toadherence to the microvascular endo-
thelium, a phenomenon associated with
severe symptoms and primarily cerebral
malaria. Expression of var genes is
mutually exclusive: a single member of
the 60 copies spread on the chromo-
somes is expressed in a given parasite
and switches with time (Scherf et al.,
1998), which contributes to parasite
escape of host immunity and parasite
survival. The mechanisms that control
var gene expression remain poorly under-
stood, and the associated epigenetic
marks, chromatin modifications, and sub-
nuclear localization are just beginning to
emerge (Hernandez-Rivas et al., 2010).
The L-PAC, whose telomeric ends elon-
gate apparently like those of natural
chromosomes, provides a powerful new
platform for investigating this complex
issue. As a complement to current tech-
niques that analyze the entire genome,
L-PACs might be used to functionally
reconstitute Plasmodium chromosomeends, by cloning combinations of their
individual constitutive modules. Using
appropriate reporters, these synthetic
chromosomes will help in dissecting how
heterochromatin is assembled and modi-
fied at chromosome termini, and in char-
acterizing the epigenetic determinants
that direct var gene expression or
silencing and chromosome organization
in the nucleus.
In conclusion, Iwanaga et al. (2010)
have established versatile new tools for
Plasmodium transfection. In P. berghei,
a technically handy and efficient transfec-
tion system appropriate for studying
processes that are conserved across
Plasmodium species, these tools open
up the use of episome-based strategies.
It is likely that PACs could be tailored for
use in P. falciparum transfection, where
they would be more suitable expression
vectors. There is also the promise of using
L-PACs as a new, reductionist approach
to deciphering the basis of antigenic
variation, a central feature in the severe
pathogenesis of this deadly parasite.REFERENCES
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